










   号：20
Biomim












299   

























   分
 





析  化  
 年 05 
 年 05 
 年    
席：   
类号    









        
   密级  
   UDC  
 
channel
   
    
















评    阅    人：                 
 





















A Dissertation Presented 
By 
Yu-Bin Zheng 
Supervisor: Prof. Yao-Qun Li 
 
Submitted to the Graduate School of Xiamen University for 
the Degree of 
Doctor of Philosophy 





































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的












































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 





                               声明人（签名）： 
































摘  要 ..................................................................................................................... I 
Abstract ............................................................................................................... III 
第一章 绪论 ........................................................................................................... 1 
1.1 引言 ............................................................................................................. 1 
1.2 纳米孔的分类 ............................................................................................. 2 
1.2.1 生物纳米孔 ........................................................................................... 2 
1.2.2 人造固态纳米孔 .................................................................................... 5 
1.3 纳米孔的离子整流现象 ............................................................................. 9 
1.3.1 离子整流的原理 .................................................................................. 10 
1.3.2 离子整流的影响因素 .......................................................................... 15 
1.4 基于纳米孔的分析检测方法及其应用 ................................................... 19 
1.4.1 电阻-脉冲法（或称电流阻塞法）..................................................... 19 
1.4.2 光学检测方法 ...................................................................................... 23 
1.4.3 遂穿电流法 .......................................................................................... 24 
















1.5.1 pH 调控的仿生离子通道 .................................................................... 26 
1.5.2 温度调控的仿生离子通道 .................................................................. 28 
1.5.3 光调控的仿生离子通道 ...................................................................... 29 
1.5.4 多重刺激调控的仿生离子通道 .......................................................... 31 
1.5.5 构建纳米传感器定性定量检测小分子，金属离子，核酸等 .......... 36 
1.6 论文构思 ................................................................................................... 37 
参考文献 ............................................................................................................... 38 
第二章 玻璃锥形纳米通道的制备与表征 ......................................................... 51 
2.1 引言 ........................................................................................................... 51 
2.2 实验部分 ................................................................................................... 52 
2.2.1 仪器 ..................................................................................................... 52 
2.2.2 试剂和材料 ......................................................................................... 53 
2.2.3 实验方法 ............................................................................................. 53 
2.3 结果与讨论 ............................................................................................... 58 
2.3.1 单个玻璃锥形纳米通道的孔径测量 .................................................. 58 
2.3.2 玻璃锥形纳米通道的形貌表征 .......................................................... 61 
















参考文献 ......................................................................................................... 63 
第三章 玻璃锥形纳米通道串并联组合的整流性质研究 ................................ 66 
3.1 引言 ........................................................................................................... 66 
3.2 实验部分 ................................................................................................... 69 
3.2.1 试剂材料和仪器 .................................................................................. 69 
3.2.2 玻璃锥形纳米通道的制备 .................................................................. 69 
3.2.3 玻璃锥形纳米通道的修饰过程 .......................................................... 69 
3.2.4 玻璃锥形纳米通道的串并联连接模式 .............................................. 70 
3.2.5 电化学测量实验方法 .......................................................................... 71 
3.3 结果与讨论 ............................................................................................... 72 
3.3.1 离子整流比相差悬殊的双纳米通道串并联情况 .............................. 72 
3.3.2 离子整流比相近的双纳米通道串并联情况 ...................................... 78 
3.4 小结 ........................................................................................................... 87 
参考文献 ......................................................................................................... 88 
第四章 温度、PH 和糖三刺激响应仿生离子通道的研究 .............................. 91 
4.1 引言 ........................................................................................................... 91 
















4.2.1 仪器和试剂 .......................................................................................... 93 
4.2.2 实验方法 .............................................................................................. 94 
4.3 结果与讨论 ............................................................................................... 96 
4.3.1 电化学监控 PDMAEMA–co–PVPBA 修饰玻璃锥形纳米通道 ....... 96 
4.3.2 pH 调控 PDMAEMA–co–PVPBA 修饰玻璃锥形纳米通道 ............. 97 
4.3.3 温度调控 PDMAEMA–co–PVPBA 修饰玻璃锥形纳米通道 ......... 100 
4.3.4 糖调控 PDMAEMA–co–PVPBA 修饰玻璃锥形纳米通道 ............. 105 
4.4 小结 ......................................................................................................... 108 
参考文献 ....................................................................................................... 109 
第五章 光敏响应仿生离子通道的初步研究 ................................................... 113 
5.1 引言 ......................................................................................................... 113 
5.2 实验部分 ................................................................................................. 114 
5.2.1 试剂材料和仪器 ................................................................................ 114 
5.2.2 玻璃锥形纳米孔的制备 .................................................................... 115 
5.2.3 聚螺吡喃玻璃锥形纳米通道的修饰过程 ........................................ 115 
5.2.4 纳米通道离子整流测定方法 ............................................................ 118 
















5.3.1 合成制备螺吡喃单体的表征 ............................................................ 118 
5.3.2 聚螺吡喃修饰玻璃锥形纳米通道过程的电化学表征 .................... 120 
5.3.3 修饰 P-SPMA 的玻璃锥形纳米通道在 UV 辐射下的响应情况 .... 124 
5.4 小结 ......................................................................................................... 127 
参考文献 ....................................................................................................... 127 
第六章 结语与展望 ........................................................................................... 132 
6.1 论文的主要贡献和创新性 ..................................................................... 132 
6.2 研究工作展望 ......................................................................................... 132 
缩略语 ........................................................................................................... 134 
攻读博士学位期间发表的论文 ......................................................................... 137 



















Abstract in Chinese ............................................................................................... I 
Abstract in English ............................................................................................. III 
Chapter 1 Preface .................................................................................................. 1 
1.1 Introduction ................................................................................................ 1 
1.2 Classification of Nanopores ....................................................................... 2 
1.2.1 Biological nanopores .............................................................................. 2 
1.2.2 Solid-state nanopores ............................................................................. 5 
1.3 Ion current rectification in nanopores ..................................................... 9 
1.3.1 Principles of ion current rectification ................................................... 10 
1.3.2 Influencing factors of ion current rectification .................................... 15 
1.4 Signal Detection Methods and Applications Based on Nanopores ...... 19 
1.4.1 Resistive-Pulse sensing methods .......................................................... 19 
1.4.2 Optical detection methods .................................................................... 23 
1.4.3 Tunnelling detection methods .............................................................. 24 
1.5 Applications based on Ion current rectification methods .................... 25 
















1.5.2 Temperature modulated biomimetic nanochannel ............................... 28 
1.5.3 Light modulated biomimetic nanochannel ........................................... 29 
1.5.4 Multi-stimuli responsive biomimetic nanochannel .............................. 31 
1.5.5 Biosensors in detecting small molecule, metal ions, nucleic acid and so 
on.......................................................................................................................... 36 
1.6 Plans of Dissertation ................................................................................ 37 
References ............................................................................................................ 38 
Chapter 2 Fabrication of Single Glass Conical Nanopores ............................. 51 
2.1 Introduction .............................................................................................. 51 
2.2 Experrimental .......................................................................................... 52 
2.2.1 Apparatus ............................................................................................. 52 
2.2.2 Reagents and materials ......................................................................... 53 
2.2.3 Experimental methods .......................................................................... 53 
2.3 Results and Discussion ............................................................................. 58 
2.3.1 The determination of pore size of single glass conical nanopore ........ 58 
2.3.2 Morphology characterization of single glass conical nanopore ........... 61 
2.4 Conclusions ............................................................................................... 63 
















Chapter 3 The Rectification Properties of Series and Parallel Combination of 
Glass Conical Bi-nanochannel .................................................................................. 66 
3.1 Introduction .............................................................................................. 66 
3.2 Experimental ............................................................................................ 69 
3.2.1 Reagents and apparatus ........................................................................ 69 
3.2.2 Fabrication of single glass conical nanochannel .................................. 69 
3.2.3 Modification procedure of the glass conical nanochannel ................... 69 
3.2.4 Connection mode of series and parallel combination of glass conical 
bi-nanochannel ..................................................................................................... 70 
3.2.5 Experimental method ........................................................................... 71 
3.3 Results and Disscusion ............................................................................. 72 
3.3.1 Combination of bi-nanochannel while the rectification ratio is disparate
.............................................................................................................................. 72 
3.3.2 Combination of bi-nanochannel while the rectification ratio is close .. 78 
3.4 Conclusions ............................................................................................... 87 
References ....................................................................................................... 88 
Chapter 4 A temperature, pH and sugar triple-stimuli-responsive 
nanofluidic diode ........................................................................................................ 91 













Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
